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57 ABSTRACT 

A sequence of antifuses to be programmed is determined by: 
determining whether a first antifuse of an unordered list of 
antifuses to be programmed could be programmed last 
without programming any antifuses which are not to be 
programmed, determining whether a second antifuse of the 
unordered list could be programmed last without program 
ming any antifuses which are not be programmed, and 
determining whether the first and second antifuses could be 
programmed simultaneously without programming any anti 
fuses which are not to be programmed. In this way, a 
programming set of antifuses which could be programmed 
simultaneously is determined. Once determined, the anti 
fuses making up the programming set are added to the head 
of an ordered list and are removed from the unordered list. 
By repeatedly determining programming sets of antifuses 
and adding each successive set of antifuses to an ordered list 
of antifuses, an antifuse programming sequence is devel 
oped. An FPGA is programmed by simultaneously program 
ming the antifuses in each programming set, the program 
ming sets being programmed in the order they appear in the 
ordered list. 

10 Claims, 7 Drawing Sheets 

Microfiche Appendix Included 
(139 Microfiche, 1 Pages) 
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1. 

METHOD FOR SMULTANEOUS 
PROGRAMMING OF MULTIPLE ANTIFUSES 

CROSS REFERENCE TO MICROFICHE 
APPENDIX 

The microfiche Appendix, which is a part of the present 
disclosure, entails 2 sheets of microfiche having a total of 
145 frames. The microfiche appendix contains a software 
embodiment of a method in accordance with the present 
invention. A portion of the disclosure of this patent docu 
ment contains material which is subject to copyright pro 
tection. The copyright owner has no objection to the fac 
simile reproduction by anyone of the patent document or the 
patent disclosure, as it appears in the Patent and Trademark 
Office patent files or records, but otherwise reserves all 
copyright rights. 

FIELD OF THE INVENTION 

This invention relates to the programming of antifuses. 

BACKGROUND INFORMATION 

A field programmable device (such as a so-called "field 
programmable gate array' or "FPGA") is a versatile inte 
grated circuit chip, the internal circuitry of which may be 
configured by an individual user to realize a user-specific 
circuit. To configure an FPGA, the user configures an 
on-chip interconnect structure of the FPGA so that selected 
input leads and selected output leads of selected on-chip 
logic components are connected together in such a way that 
the resulting circuit is the user-specific circuit desired by the 
user. The on-chip logic components may be located in a 
plurality of "modules', each of the modules containing an 
identical subgroup of the components. 

FIG. 1 (Prior Art) is a simplified top down diagram 
illustrating a center part of an FPGA 1. FPGA 1 comprises 
a plurality of modules, a plurality of horizontal wires, a 
plurality of vertical wires, a plurality of cross antifuses, a 
plurality of horizontal pass antifuses, and a plurality of 
vertical pass antifuses. One way to connect the output wire 
2 of module 3 to the input wire 4 of module 5 is to program 
cross antifuse 6, cross antifuse 7, horizontal antifuse 8, cross 
antifuse 9, and cross antifuse 10. An electrical connection is 
therefore established from output wire 2, through pro 
grammed cross antifuse 6, through vertical wire 11, through 
programmed cross antifuse 7, through horizontal wire 12, 
through programmed horizontal antifuse 8, through horizon 
tal wire 13, through programmed cross antifuse 9, through 
vertical wire 14, through programmed cross antifuse 10, and 
to input wire 4 of module 5. For additional general back 
ground information on FPGAs the reader is referred gener 
ally to: U.S. Pat. Nos. 5,122,685, 5,327,024 and 4,873,459; 
the 1994 QuickLogic Data Book; the 1994 Actel Data Book; 
and the book entitled "Field-Programmable Gate Arrays” by 
Stephen Brown et al., Kluwer Academic Publishers (1992). 

FIG. 2 (Prior Art) is a simplified top-down diagram 
illustrating circuitry included on an FPGA integrated circuit 
to facilitate the programming of selected antifuses. After the 
programming of the selected antifuses, the programming 
circuitry is disabled and does not affect the logical function 
of the user-specific circuit programmed into the FPGA. In 
FIG. 2, a horizontal programming pass transistor 16, 17 and 
18 is disposed around each horizontal pass antifuse 8, 19 and 
20, respectively. The horizontal antifuses, horizontal pass 
transistors disposed around them, and the associated hori 
zontal wires together form what is called a "string". If, for 
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2 
example, antifuse 19 is to be programmed, then the pass 
transistor 17 corresponding to antifuse 19 is turned off and 
the other pass transistors of the string are turned on. As 
illustrated, the programming pass transistors are controlled 
to be on or off by a programming control circuit 21A. The 
programming control circuit 21A may be thought of as a 
shift register having a plurality of bits (including bits 
22-24), which correspond with a plurality of control con 
ductors (including conductors 25-27). There are four such 
programming control circuits 21A, 21B, 21C and 21D 
associated with the upper left hand portion of the FPGA 
illustrated in FIG. 2. 

In addition to controlling control conductors, the pro 
gramming control circuits control programming driver cir 
cuits. Bit 30 of programming control circuit 21B is shown 
controlling a programming driver 31 and bit 32 of program 
ming control circuit 21C is shown controlling a program 
ming driver 33. Loading a digital one into a bit of a 
programming driver enables the corresponding program 
ming driver whereas loading a digital Zero into the bit of the 
programming control circuit disables the corresponding pro 
gramming driver. The programming drivers which are 
enabled either output programming voltage Vpp or ground 
potential GND depending on the value of a control word 
stored in another shift register (not shown) associated with 
the programming control circuit. In the example of FIG. 2, 
there is one control word associated with programming 
control circuit 21B and another control word associated with 
programming control circuit 21C. 

FIG. 3 (Prior Art) illustrates the programming of hori 
Zontal pass antifuse 19. Programming drivers 31 and 33 are 
enabled by loading bits 30 and 32 with digital ones, respec 
tively. Programming driver 31 is made to drive wire 34 with 
programming voltage Vpp by loading the shift register (not 
shown) associated with programming control circuit 21B 
with an appropriate control word thereby causing program 
ming driver 31 to output programming voltage Vpp when 
enabled. Similarly, programming driver 33 is made to drive 
wire 35 with ground potential GND by loading an appro 
priate control word into the shift register (not shown) 
associated with programming control circuit 21C. The bits 
of programming control circuit 21A which control the 
horizontal pass transistors of the string containing antifuse 
19 are loaded to make all the horizontal pass transistors of 
the string conductive except for pass transistor 17. As a 
result, programming voltage Vpp develops across antifuse 
19, a programming current flows through antifuse 19, and 
antifuse 19 is programmed. Although FIG. 2 shows only one 
horizontal string of horizontal wires, antifuses, and horizon 
tal pass transistors for clarity of illustration, FPGA 1 has 
multiple horizontal strings and multiple vertical strings. 

FIG. 4 (Prior Art) illustrates the programming of a cross 
antifuse. To program cross antifuse 9, the horizontal pass 
transistors 16, 17 and 18 in the horizontal string containing 
horizontal wire 13 are controlled to be conductive. Similarly, 
the vertical pass transistors 36 and 37 in the vertical string 
containing vertical wire 14 are controlled to be conductive. 
Programming driver 38 is controlled to output programming 
voltage Vpp and programming driver 33 is controlled to 
output ground potential GND. Accordingly, the program 
ming voltage develops across antifuse 9 and a programming 
current flows through antifuse 9, and antifuse 9 is pro 
grammed. 

FIG. 4 also illustrates how the other vertical strings are 
controlled so as not to program other cross antifuses 39, 40 
and 41 by error. Three other vertical strings are illustrated in 
with dashed lines. In this architecture, the horizontally 
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extending control conductors 42 and 43 which control 
vertical pass transistors 37 and 36 also extend horizontally 
and are coupled to corresponding vertical pass transistors in 
each of the successive vertical strings. Accordingly, control 
ling the vertical pass transistors to couple the output of the 
programming driver 38 of the leftmost vertical string to 
vertical wire 14 will also control the vertical pass transistors 
of the other vertical strings to couple the outputs of their 
respective programming drivers 44-46 to their respective 
corresponding vertical wires 47-49. Disabling programming 
drivers 44-46 to output an intermediate voltage such as 
Vpp/2 regardless of the value of the associated control word 
ensures that an adequately large voltage cannot develop 
across cross antifuses 39-41 to program them. Although 
FIG. 4 only shows only one horizontal string to clarify the 
illustration, FPGA 1 has multiple such horizontal strings 
wherein the gates of corresponding horizontal pass antifuses 
are connected to the same vertically extending control 
conductor. 

After the user has created a schematic of the user-specific 
circuit to be programmed into the FPGA, a "place and route' 
software program "places' circuit components (such as 
gates and flip-flops) of the circuit in the various modules of 
the FPGA. The components in the schematic may be altered 
while maintaining the same logic functionality in order to 
achieve a better placement. A technology mapping method 
as set forth in U.S. patent application Ser. No. 08/231,595 
entitled "Select Set-Based Technology Mapping Method 
And Apparatus' may be employed. The place and route 
software also "routes' the components in the modules 
together by determining which of the wires of the FPGA are 
to be connected together by which antifuses in order to 
realize the user-specific circuit. The result of the place and 
route is a placement of components in modules and a list of 
antifuses to be programmed. Antifuses not in the list either 
are optionally programmed or must not be programmed. It 
may not, however, be possible to program all the antifuses 
of the list without programming other antifuses not to be 
programmed if antifuses in the list are programmed in the 
wrong order. 

FIG. 5 illustrates a situation in which an antifuse Z in the 
architecture cannot be programmed without also program 
ming antifuse L which is not to be programmed. In this 
example, antifuses X, Y and Z are in the list of antifuses to 
be programmed but antifuse L is not in that list. Assume that 
antifuses X and Y are already programmed. To program 
antifuse Z, vertical pass transistor 50 must be turned on. Due 
to the connection of the gates of vertical pass transistors 50 
and 51, however, both vertical pass transistors are turned on 
if one of them is turned on. Accordingly, if vertical wire 52 
is driven with programming voltage Vpp in order to drive 
vertical wire 53 with programming voltage Vpp, then the 
programming voltage will also be present on vertical wire 
54. Programming voltage Vpp will be conducted from 
vertical conductor 52, through already programmed antifuse 
Y, through horizontal wire 55, through already programmed 
antifuse X, through vertical wire 56, through conductive 
vertical pass transistor 51 and to vertical wire 54. If hori 
zontal wire 57 is driven with ground potential GND to 
develop a programming voltage Vpp across antifuse Z, then 
the same programming voltage Vpp will be developed 
across antifuse L. Accordingly, this sequence of program 
ming of antifuses, X-Y-Z, results in the inadvertent pro 
gramming of an antifuse which is not to be programmed. 

There does, however, exist a programming sequence in 
which all antifuses X, Y and Z in the list can be programmed 
without inadvertently programming antifuse L. FIGS. 6A, 
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4 
6B and 6C illustrate this sequence. If antifuse Y is pro 
grammed first and antifuse Z is programmed second, then 
vertical pass transistors 50 and 51 can be nonconductive 
during the programming of the last antifuse, antifuse X. 
Accordingly, the programming voltage Vpp is prevented 
from passing through vertical pass transistor 51 and onto 
vertical wire 54 and ground potential GND is prevented 
from passing through vertical pass transistor 50 to vertical 
wire 53, already programmed antifuse Z, and horizontal wire 
57. Accordingly, antifuse X can be programmed without 
inadvertently also programming antifuse L. 
A "sequencer" method is therefore utilized to determine a 

sequence of antifuse programming which will allow all 
antifuses in the list to be programmed without inadvertently 
programming antifuses which are not in the list. With this 
sequence determined, the antifuses in the list are physically 
programmed one by one in sequence thereby programming 
the FPGA to realize the user-specific circuit. After antifuse 
programming, all programming pass transistors are con 
trolled to be nonconductive. The result is an interconnect 
structure of wires and programmed antifuses which couples 
selected components in selected modules together in a 
desired fashion to form the user-specific circuit. As improve 
ments in semiconductor processing technology have been 
made over the years, the number of antifuses in FPGAs has 
increased. An FPGA today may include approximately 500 
thousand antifuses. Assuming that approximately 10-20 
thousand of the 500 thousand antifuses in an FPGA are to be 
programmed to realize a user-specific circuit, and assuming 
that approximately 50-100 milliseconds is required to pro 
gram each antifuse, then approximately 12 minutes are 
required to program a single FPGA if antifuses are pro 
grammed one after another. It would therefore be desirable 
to be able to program multiple antifuses in an FPGA 
simultaneously so as to reduce programming time. As the 
number of antifuses in FPGAs increases in the future, this 
need to reduce programming time is anticipated to become 
more acute. Accordingly, a method of determining a 
sequence of antifuse programming is sought by which 
multiple antifuses can be programmed simultaneously with 
out the programming of other antifuses which are not to be 
programmed. 

SUMMARY 

A sequence of antifuses to be programmed is determined 
by: determining whether a first antifuse of a list of antifuses 
to be programmed could be programmed last without pro 
gramming any antifuses which are not to be programmed, 
determining whether a second antifuse of the list could be 
programmed last without programming any antifuses which 
are not be programmed, and determining whether the first 
and second antifuses could be programmed simultaneously 
but after other antifuses in the list and without programming 
any antifuses which are not to be programmed. 

In some embodiments, a group of antifuses (called a 
programming set) which could be programmed simulta 
neously is determined. Once determined, the antifuses mak 
ing up the programming set are added to the head of an 
ordered list and are removed from the list of antifuses to be 
programmed. Using the now smaller list of antifuses to be 
programmed, another programming set of antifuses is deter 
mined. The antifuses making up the second programming set 
are then added to the head of the ordered list and are 
removed from the list of antifuses to be programmed. By 
repeatedly determining programming sets of antifuses and 
adding each successive set of antifuses to the head of the 
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ordered list of antifuses, an antifuse programming sequence 
is developed. An FPGA is programmed by programming 
sets of antifuses in the ordered listin order, the programming 
set at the head of the ordered list being the first programming 
set to be programmed. All the antifuses in each program 
ming set are programmed simultaneously thereby reducing 
the programming time required to program a user-specific 
circuit into an FPGA. 

Tests are disclosed for determining whether an antifuse 
can be programmed last and for determining whether a 
programming set of antifuses can be programmed simulta 
neously. Other methods and structures associated with the 
simultaneous programming of antifuses are also disclosed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 (Prior Art) is a simplified top down diagram 
illustrating a center part of an FPGA. 

FIG. 2 (Prior Art) is a simplified top-down diagram 
illustrating circuitry included on the FPGA of FIG. 1 to 
facilitate the programming of antifuses. 

FIG. 3 (Prior Art) illustrates the programming of a hori 
Zontal pass antifuse. 

FIG. 4 (Prior Art) illustrates the programming of a cross 
antifuse. 

FIG. 5 illustrates a situation in which an antifuse cannot 
be programmed without also programming another antifuse 
which is not to be programmed. 

FIGS. 6A-6Cillustrate a programming sequence in which 
all antifuses in a list of antifuses to be programmed can be 
programmed without programming any other antifuse which 
is not to be programmed. 

FIGS. 7 and 7A-7B are a flowchart in accordance with an 
embodiment of the present invention in which an "ordered 
list' of antifuses to be programmed is determined from an 
"unordered list' of antifuses to be programmed. 

FIGS. 8-10 illustrate situations in which selected anti 
fuses fail to pass a "multiple antifuse test' in accordance 
with an embodiment of the present invention. 

FIG. 11 illustrates a plurality of isolation zones of an 
integrated circuit in accordance with some embodiments of 
the present invention. 

FIG. 12 is a circuit diagram showing an embodiment of a 
bit of a programming control circuit controlling a program 
ming driver in accordance with the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

In the below description, antifuses of an integrated circuit 
are described as being physically "in" various lists and sets 
and as being moved by the sequencer method. It is to be 
understood that the antifuses are not physically disposed in 
lists and sets but rather that the lists and sets contain 
representations of the physical antifuses. Antifuses are, 
however, described as existing in lists and programming sets 
to simplify and clarify the explanation of the method. 

Sequencer Method Flowchart 
FIGS. 7A-7B are a flowchart in accordance with an 

embodiment of the present invention in which an "ordered 
list' (a sequence) of antifuses to be programmed is deter 
mined from an "unordered list' of antifuses to be pro 
grammed. The unordered list in one embodiment is an 
output of a "place and route' method wherein an intercon 
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6 
nection of certain logic components in certain modules of 
the FPGA is determined which would realize a desired 
user-specific circuit. 

First, all the antifuses in the unordered list are assumed to 
be programmed (step 70). This simulates the final chip after 
programming is complete. A number representing the num 
ber of antifuses in a "programming set' is initially zero (step 
71). (Antifuses which are to be programmed together will be 
placed into the programming set.) One antifuse is then 
selected from the unordered list (step 72) and it is deter 
mined if that antifuse could be programmed last assuming 
that all the other antifuses of the unordered list are already 
programmed (step 73). The determination of whether an 
antifuse could be programmed last is called the "single 
antifuse test' and is described in further detail below, 

If it is determined that the antifuse could be programmed 
last (step 74), then it is determined if the antifuse could be 
programmed simultaneously with all the other antifuses then 
in the programming set but after all other antifuses in the 
unordered list (step 75). This determination is called the 
"multiple antifuse test' and is described in further detail 
below. If there are no antifuses in the programming set, then 
the selected antifuse automatically passes the multiple anti 
fuse test. 

If, on the other hand, it is determined that the selected 
antifuse could not be programmed last or if the selected 
antifuse could not be programmed simultaneously with all 
the other antifuses in the programming set (step 77), then 
another antifuse is selected from the unordered list (step 72) 
and is tested with the "single antifuse test” and the "multiple 
antifuse test'. In order to limit the amount of time required 
to build a programming set, the number of times that 
selected antifuses fail to pass either the "single antifuse test' 
or the "multiple antifuse test" during the building of a 
programming set is monitored. After a predetermined num 
ber of selected antifuses have failed (step 77), additional 
attempts to add antifuses to the programming set are not 
made. 

If the selected antifuse passes both the "single antifuse 
test” and the "multiple antifuse test', then the antifuse is 
placed in the programming set (step 78). Provided that a 
maximum number of antifuses have not failed to meet the 
antifuse tests for entry into the programming set, steps 
72-78 are repeated until the number of antifuses in the 
programming set is equal to a predetermined maximum 
number of antifuses to be programmed simultaneously. 

If the maximum number of antifuses is present in the 
programming set (i.e., the programming set is filled) (step 
79), then the antifuses in the programming set are added to 
the head of the "ordered list” (step 80) and removed from the 
unordered list. When the first programming set is added, the 
ordered list is empty. 

If the number of antifuses in the unordered list is zero (all 
antifuses from the unordered list have been moved to the 
ordered list)(step 81), then the ordered list is completed (step 
82). If, on the other hand, antifuses still remain in the 
unordered list, then it is determined if there are any antifuses 
in the last programming set (step 83). If there are no 
antifuses in the last programming set, this indicates that the 
previous attempt to select antifuses for programming last 
failed even though there are still antifuses in the unordered 
list. Because repeating the attempt to select antifuses for 
programming last will achieve the same result, the 
sequencer method has failed (step 84). If, on the other hand, 
there was at least one antifuse in the last programming set, 
then the unordered list was shortened and another attempt is 
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made to find antifuses which can be programmed last by 
returning to step 71. 

Single Antifuse Test 
The selected antifuse under consideration is in contact 

with a first wire and a second wire. It is between these two 
wires that the programming voltage is developed. The single 
antifuse test is passed if neither of the following two 
conditions exists: 

1) the first wire or any other wire electrically coupled to 
the first wire "crosses" the second wire or any wire 
electrically coupled to the second wire (except at the 
selected antifuse under consideration) during the antici 
pated programming of the selected antifuse under con 
sideration. 

2) the first wire "shorts' to the second wire during the 
anticipated programming of the selected antifuse under 
consideration. 

The word "cross' here indicates that an antifuse is dis 
posed with respect to the two wires such that the antifuse 
would be programmed if the programming voltage were 
applied between the two wires. Two adjacent collinear wires 
which have an intervening antifuse therefore "cross' each 
other as do a vertical wire and a horizontal wire which have 
a cross antifuse at the location where they cross each other. 
The word "short' here indicates that the first wire is elec 
trically coupled to the second wire by any combination of 
programmed antifuses, wires, and/or conductive pass tran 
sistors. During the test, all antifuses then in the unordered 
list, except for the selected antifuse under consideration, are 
assumed to already be programmed. 

FIG. 5 illustrates a situation in which the single antifuse 
test fails. Assuming that antifuses X and Y are already 
programmed, antifuse Z is selected. To program antifuse Z 
as illustrated, pass transistors 50 and 51 must be conductive. 
Assuming that wire 53 is the first wire, wire 53 and all the 
wires electrically coupled to wire 53 are "marked" with a 
first mark. This includes wire 53, wire 52, wire 55, wire 56, 
and wire 54. If wire 53 is the first wire, then wire 57 must 
be the second wire. Wire 57 and all wires coupled to it are 
therefore marked with a second mark. Wire 57 is the only 
wire with the second mark. Because wire 54 with the first 
mark "crosses' wire 57 with the second mark at antifuse L, 
the single antifuse test fails. 

FIG. 6C illustrates a situation in which the single antifuse 
test passes. Antifuses Y and Z are assumed to already have 
been programmed. Antifuse X is selected. To program 
antifuse X as illustrated, pass transistors 50 and 51 are 
controlled to be nonconductive. Neither of the pass antifuses 
is already programmed in this example. Assuming that wire 
55 is the first wire, wires 55 and 52 are marked with a first 
mark. Wire 53 is not marked with the first mark because pass 
transistor 50 is nonconductive, thereby isolating wire 53 
from wire 52. Wire 56 is the second wire. Wire 56 is the only 
wire receiving the second mark because pass transistor 51 is 
nonconductive, thereby isolating wire 54 from wire 56. 
Because no wire with the first mark "crosses” any wire with 
the second mark, the first part of the single antifuse test 
passes. Because there is no wire which has both marks, the 
first and second wires of antifuseX are not "shorted' and the 
second part of the single antifuse test passes. Antifuse X can 
therefore be programmed last assuming that antifuses Y and 
Z are already programmed without inadvertently program 
ming antifuse L which is not to be programmed. Antifuse X 
therefore passes the single antifuse test. 
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Multiple Antifuse Test 

The selected antifuse under consideration is in contact 
with a first wire and a second wire. It is between these two 
wires that the programming voltage is developed. Each of 
the other antifuses in the programming set also has a first 
wire and a second wire. The multiple antifuse test is passed 
if none of the following conditions exists: 

1) the first wire or any other wire electrically coupled to 
the first wire "crosses' either the first or second wires 
of any other antifuse in the programming set or 
“crosses' any wire electrically coupled to the first or 
second wires of any antifuse in the programming set. 

2) the second wire or any other wire electrically coupled 
to the second wire "crosses' either the first or second 
wires of any other antifuse in the programming set or 
"crosses' any wire electrically coupled to the first or 
second wires of any antifuse in the programming set. 

3) the first wire or any other wire electrically coupled to 
the first wire "shorts' to either the first or second wires 
of any other antifuse in the programming set or "shorts' 
to any of the wires electrically coupled to the first or 
second wires of any other antifuse in the programming 
Set. 

4) the second wire or any other wire electrically coupled 
to the second wire "shorts' to either the first or second 
wires of any other antifuse in the programming set or 
"shorts' to any of the wires electrically coupled to the 
first or second wires of any other antifuse in the 
programming set. 

5) The first wire of the selected antifuse or any other wire 
electrically coupled to the first wire either "shorts' to or 
"crosses' the second wire of the selected antifuse or 
any other wire electrically coupled to the second wire. 
This condition is different from conditions one and two 
of the single antifuse test because the programming 
pass transistors necessary to program all the antifuses 
in the programming set are assumed to be turned on as 
opposed to only the programming pass transistors nec 
essary to program the selected antifuse as in the single 
antifuse test. 

6) no two antifuses in the programming set are to be 
programmed with programming drivers controlled by 
the same "control circuit group'. 

During the multiple antifuse test, all antifuses then in the 
unordered list are assumed to be programmed, except for the 
antifuses in the programming set. 

In some embodiments, placing a digital one in a bit of a 
programming control circuit which controls a programming 
driver enables the programming driver to output either 
programming voltage Vpp or ground potential GND, 
whereas placing a digital zero in the bit causes the program 
ming driver to be disabled, allowing an intermediate voltage 
such as Vpp/2 to remain on the wire. Accordingly, bits 
containing digital ones are considered to enable their pro 
gramming drivers whereas bits containing digital zeros are 
considered to disable their programming drivers. Which 
particular voltage (Vpp or GND) the enabled programming 
drivers output is, however, determined by a "control word". 
This control word is loaded into and stored in a separate shift 
register used for antifuse programming. If the control word 
is a digital one, for example, then all enabled programming 
drivers controlled by the control word will output the 
programming voltage Vpp. If the control word is a digital 
zero, then all enabled programming drivers controlled by the 
control word will output ground potential GND. 

If each programming control circuit is controlled by a 
separate control word, then each programming control cir 
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cuit is a different "control circuit group'. In some embodi 
ments, however, a programming control circuit is comprised 
of parts, each part being controlled by a separate control 
word. In such a case, there will be more "control circuit 
groups' than the number of programming control circuits. 

FIG. 8 illustrates a situation in which the multiple antifuse 
test fails. In this example, antifuse A is already in the 
programming set. Antifuse B is selected and passes the 
single antifuse test. Antifuse B, however, fails the multiple 
antifuse test. There are four marks, M1, M2, M3 and M4. 
M2 "crosses' M3 at cross antifuse C. The multiple antifuse 
test fails and antifuse B is not added to the programming set. 

FIG. 9 illustrates another situation in which the multiple 
antifuse test fails. In this example, antifuse A is already in 
the programming set. Antifuse C of the unordered list is 
assumed to have been already programmed. Antifuse B is 
selected and passes the single antifuse test. Antifuse B, 
however, fails the multiple antifuse test. There are four 
marks, M1, M2, M3 and M4. Marks M2 and M3 overlap 
indicating that a wire of antifuse A "shorts' to a wire of 
antifuse B. 

FIG. 10 illustrates another situation in which the multiple 
antifuse test fails. In this example, antifuse A is already in 
the programming set. Programming control circuit 100 is 
controlled by a single control word and therefore constitutes 
a first "control circuit group'. Programming control circuit 
101 is controlled by a single control word which is different 
from the control word of programming control circuit 100 
and therefore constitutes a second "control circuit group'. 
Similarly, programming control circuit 102 is controlled by 
a single control word which is different from the other two 
control words. Programming control circuit 102 therefore 
constitutes a third "control circuit group'. Antifuse B is 
selected and passes the single antifuse test. No marked wires 
of antifuses A and B either cross or short each other. Two of 
the four programming drivers which would be used to 
program antifuses A and B simultaneously are, however, 
controlled by the same "control circuit group'. The multiple 
antifuse test therefore fails and antifuse B is not added to the 
programming set. 

In the example, programming control circuit 101 consti 
tutes only one control circuit group. In other embodiments, 
a first part of programming control circuit 101 may be 
controlled by a first control word and a second part of 
programming control circuit may be controlled by a second 
control word. If, for example, programming driver 103 were 
controlled by the first part of the programming control 
circuit and if programming driver 104 were controlled by the 
other part, and if the two control words of programming 
control circuit 101 could be different from the control words 
of programming control circuits 100 and 102, then the 
multiple antifuse test would not have failed due to program 
ming drivers 103 and 104 being controlled by the same 
"control circuit group'. 

In FIGS. 8-10 only selected strings, cross antifuses and 
programming drivers are illustrated in order to simplify and 
clarify the drawings. Each horizontal and vertical pass 
transistor has a corresponding pass antifuse. There may be 
numerous vertical and numerous horizontal strings. The 
strings may include many more pass transistors and wires 
than are illustrated in the simplified drawings. Some control 
conductors controlling some pass transistors of a string may 
extend to one programming control circuit whereas other 
control conductors controlling other pass transistors of the 
string may extend to another programming control circuit. It 
is therefore understood that FIGS. 8-10 illustrate a subset of 
the structure of one possible embodiment of a programmable 
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10 
device which is programmable in accordance with the 
present invention. 

In some embodiments, rather than removing selected 
antifuses and placing them in the programming set before 
the "single antifuse test” and the "multiple antifuse test” are 
performed on these antifuses, execution of the sequencer 
method is speeded by leaving antifuses which are placed in 
the programming set in the unordered list until after all 
antifuses in the programming set have passed the "single 
antifuse test' and the "multiple antifuse test”. Determining 
a sequence of antifuse programming is also facilitated by 
taking advantage of the fact that certain antifuses may exist 
which are not in the unordered list but which may never 
theless be optionally programmed. Antifuses are therefore 
classified into three classes: antifuses which must be pro 
grammed, antifuses which may optionally be programmed, 
and antifuses which must not be programmed. In some 
embodiments, the "single antifuse test” and "multiple anti 
fuse test” do not fail if an optionally programmed antifuse 
would be programmed. Accordingly, some selected option 
ally programmed antifuses may initially be placed in the 
unordered list at the beginning of the sequencer method. 

Although the possible programming of each selected 
antifuse in the drawings involves only two programming 
drivers, the sequencer method can be practiced using three 
or more programming drivers in accordance with the tech 
niques set forth in U.S. Pat. No. 5,327,024 (the contents of 
which are incorporated herein by reference). In some 
embodiments of the present invention, antifuses to be pro 
grammed which are disposed in speed critical nets are 
identified. When these antifuses are selected for possible 
addition to a programming set, a high programming current 
programming method (such as a programming method 
involving three or more programming drivers and three or 
more programming current branches) is assumed to be used. 
In some embodiments, such antifuses in speed critical nets 
are selected early in the building of the ordered list because 
the high programming current methods used to program 
them usually involve many programming current branches 
and therefore tend to cause the selected antifuse to fail the 
tests of steps 73 and 75. 
The basic sequencer method set forth in FIGS. 7A-7B 

may be further embellished. In some embodiments, FPGA 
105 is comprised of a plurality of zones with various degrees 
of isolation existing between the various zones. Zone 106 in 
FIG. 11 has a relatively high degree of isolation with respect 
to Zone 107 because any antifuse selected in Zone 106 will 
be driven by a programming driver controlled by a different 
"control circuit group' than any antifuse located in Zone 
107. Zone 108 has a lesser degree of isolation with respect 
to Zone 106 because some antifuses in the two Zones 106 and 
108 may share one common "control circuit group' 109. 
Similarly, Zone 110 has a similar lesser amount of isolation 
with respect to Zone 106. 

In some embodiments, programming control circuits such 
as programming control circuit 109 in FIG. 11 divide the 
integrated circuit into a plurality of sections. Each of these 
sections comprises a plurality of isolation zones. In FIG. 11, 
the corresponding programming pass transistors in the left 
halfportion of the upper left section to the left of dashed line 
111 are controlled by a common control conductor 112 
whereas the corresponding programming pass transistors in 
the vertical strings in the upper left section to the right of 
dashed line 111 are controlled by another common control 
conductor 113. Providing separate control conductors pro 
vides an additional type of isolation so that the upper left 
section of FPGA 105 comprises two isolation zones. 



5,552,720 
11 

The various types of isolation are used in one embodiment 
of the method of FIGS. 7A-7B. After the selection of the 
first antifuse of a programming set, the subsequent antifuses 
selected for possible addition to the programming set are 
selected randomly from zones of all different degrees of 
isolation. Selecting the subsequent antifuses from only rela 
tively highly isolated zones may consume all such highly 
isolated antifuses and therefore may result in an imbalance 
of antifuses if such highly isolated antifuses would have 
been better utilized subsequently in the method. On the other 
hand, selecting all the subsequent antifuses from the same 
zone as the first antifuse may cause a large percentage of the 
subsequently selected antifuses to fail the tests in steps 73 
and 75. 

Accordingly, after a predetermined number M of failures 
at step 77, subsequent antifuses for possible addition into the 
programming set are selected from the most highly isolated 
zone. After all such antifuses are consumed, subsequent 
antifuses for possible addition into the programming set are 
selected from the next most isolated zone and so forth until 
the programming set is complete or until steps 73 and 75 
have failed more than N times (the result of the decision 
block of step 77 is true). The values for M and N are 
empirically determined using specific designs as bench 
marks. 

Because the amount of time required to program all the 
antifuses in a programming set simultaneously is determined 
by the antifuse in the programming set which requires the 
greatest amount of time to program, step 72 in the flowchart 
of FIGS. 7A-7B may involve an additional antifuse selec 
tion criteria. Initially, all antifuses to be programmed are 
classified according to the amount of time required to 
program each antifuse. Subsequently when step 72 is carried 
out, only similarly classified antifuses are selected for pos 
sible inclusion into the programming set. In this way, the 
total amount of time required to program all the antifuses to 
be programmed is reduced. In other embodiments, antifuses 
are not initially classified by the amount of time required to 
program them but rather each selected antifuse is rejected as 
a candidate for entry into the programming set if the amount 
of programming time required to program it is significantly 
different from the amount of programming time required to 
program existing members of the programming set. 

In accordance with some embodiments of the present 
invention, the pass antifuses to be programmed are pro 
grammed before cross antifuses to be programmed. The pass 
antifuses are programmed first because programming of a 
pass antifuse does not require the programming pass tran 
sistor disposed around it to be turned on. This decreases the 
number of wires charged with programming voltage Vpp or 
ground potential GND during programming. Accordingly, 
the unordered list is initially sorted so that the pass antifuses 
are relocated to the tail of the unordered list. Doing so 
enables the pass antifuses to be selected last in the sequencer 
method. It makes the pass antifuses more likely to be 
programmed before the cross antifuses. 

FIG. 12 is a circuit diagram showing how a bit of a 
programming control circuit and its corresponding program 
ming driver are implemented in accordance with some 
embodiments of the present invention. For additional infor 
mation, see U.S. patent application Ser. No. 08/349,093, 
entitled "Integrated Circuit Facilitating Simultaneous Pro 
gramming of Multiple Antifuses', filed Dec. 1, 1994, by 
Paige A. Kolze (the contents of which are incorporated 
herein by reference). Flip-flop 114 and transistors 115 
through 117 together comprise a bit of the programming 
control circuit. Charge pump 118 and transistor 119 together 
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12 
comprise the associated programming driver. In this 
embodiment, the programming driver does not output volt 
age Vpp/2 at all times when the bit of the programming 
control circuit contains a digital zero. When the contents of 
the various bits of the programming control circuit are being 
shifted in to the respective bits of the programming control 
circuit, transistor 117 is controlled to be conductive and 
transistor 115 is controlled to be nonconductive so that a 
digital high voltage is supplied through transistor 117 and 
charge pump 118 to turn on transistor 119 of the program 
ming driver. When the contents of the programming control 
circuit are being shifted in, a voltage of Vpp/2 can be applied 
to terminal 120 of the integrated circuit. By turning transis 
tor 121 of the programming current multiplexer circuit 122 
on, the voltage Vpp/2 from terminal 120 is conducted 
through transistor 121 and onto programming bus 123. 
Accordingly, wire 124 and all corresponding wires of other 
strings are precharged to the voltage Vpp/2 when the bits of 
the programming control circuit are being loaded. Although 
not specifically shown in FIG. 12, another bit of the pro 
gramming control circuit and another charge pump is asso 
ciated with each respective other transistor corresponding to 
transistor 119 in the other strings. 

After bit 114 is loaded, transistors 117 and 116 are 
controlled to be non-conductive and transistor 115 is con 
trolled to be conductive so that the contents of bit 114 enable 
or disable the programming driver. The programming driver 
is enabled when a voltage of either Vpp or ground is 
supplied from one of the terminals 120, 125 and 126 onto 
wire 124. If, on the other hand, the programming driver is 
disabled, then wire 124 maintains its precharge voltage of 
Vpp/2. With the structure of FIG. 12, terminal 120 is only 
supplied with voltage Vpp/2 during loading of the bits of the 
programming control circuit. After loading, terminal 120 
used for other purposes. Transistor 116 is provided to disable 
the programming driver during test. 

Although embodiments of the present invention have 
been described for instructional purposes in order to illus 
trate the present invention, the present invention is not 
limited thereto. Multiple antifuses can be programmed 
simultaneously in devices not having programming pass 
transistors and not having the type of programming control 
circuitry set forth in connection with the specific embodi 
ments. See, for example, the architecture set forth in U.S. 
patent application Ser. No. 08/246,527 entitled "Program 
mable Application Specific Integrated Circuit Having Anti 
fuses And Methods Therefor' (the contents of which are 
incorporated herein by reference). Although antifuses are 
described as being programmed when programming voltage 
Vpp is present on one antifuse electrode and ground poten 
tial GND is present on the other electrode, it is understood 
that an antifuse will typically begin to conduct and therefore 
program with a voltage of magnitude less than Vpp across 
its electrodes. Any suitable antifuse structure can be pro 
grammed in accordance with the present invention includ 
ing, but not limited to, amorphous silicon antifuses and 
oxide-nitride-oxide antifuses. Accordingly, various adapta 
tions, modifications and substitutions of various of the 
features of the specific embodiments described herein can be 
practiced without departing from the scope of the invention 
as defined by the appended claims. 
What is claimed is: 
1. A method of programming a first plurality of antifuses 

to be programmed of an integrated circuit, said integrated 
circuit also comprising a second plurality of antifuses which 
are not to be programmed, comprising the steps of: 

(a) determining whether a first antifuse of said first 
plurality of antifuses can be programmed after all of the 
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other of said first plurality of antifuses are programmed 
but without programming any of said second plurality 
of antifuses; 

(b) determining whether a second antifuse of said first 
plurality of antifuses can be programmed after all of the 
other of said first plurality of antifuses are programmed 
but without programming any of said second plurality 
of antifuses; 

(c) if said first antifuse can be programmed last and if said 
second antifuse can be programmed last, determining 
whether said first and second antifuses can be pro 
grammed simultaneously without programming any of 
said second plurality of antifuses; and 

(d) programming said first and second antifuses simulta 
neously after all of the other antifuses of the first 
plurality of antifuses are programmed. 

2. The method of claim 1, wherein step (c) comprises the 
steps of: 

identifying all the conductors in a conductor group A 
which would be coupled to a first electrode of said first 
antifuse if said first antifuse were programmed; 

identifying all the conductors in a conductor group B 
which would be coupled to a second electrode of said 
first antifuse if said first antifuse were programmed; 

identifying all the conductors in a conductor group C. 
which would be coupled to a first electrode of said 
second antifuse if said second antifuse were pro 
grammed; 

identifying all the conductors in a conductor group D 
which would be coupled to a second electrode of said 
second antifuse if said second antifuse were pro 
grammed; and 

determining that said first and second antifuses cannot be 
programmed simultaneously if an antifuse other than 
said first and second antifuses is disposed between any 
conductor in one of said conductor groups A-D and any 
conductor in any other one of said conductor groups 
A-D. 

3. The method of claim 1, wherein said integrated circuit 
comprises a plurality of control circuit groups, each of said 
control circuit groups controlling a corresponding plurality 
of programming drivers, wherein step (c) comprises the 
steps of: 

identifying the programming drivers which would be used 
to program said first and second antifuses; and 

determining that none of said programming drivers which 
would be used to program said first and second anti 
fuses is controlled by the same control circuit group 
that controls any other of said programming drivers 
which would be used to program said first and second 
antifuses. 

4. The method of claim 3, wherein the programming 
drivers controlled by a control circuit group are controllable 
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to output either a programming voltage Vpp or ground 
potential GND substantially independently of the voltages 
being output by the programming drivers controlled by any 
other control circuit group. 

5. The method of claim 4, wherein the programming 
drivers controlled by a control circuit group can be enabled 
or disabled, each programming driver outputting an inter 
mediate voltage if disabled, each programming driver out 
putting either the programming voltage Vpp or ground 
potential GND if enabled depending on a control word 
associated with said control circuit group. 

6. The method of claim 1, wherein said integrated circuit 
also comprises a third plurality of antifuses which need not 
be programmed to realize a user-specific circuit but which 
may optionally be programmed. 

7. A method of programming an integrated circuit having 
a first plurality of antifuses which are to be programmed, 
said first plurality of antifuses being classifiable into a first 
group, a second group and a third group such that antifuses 
in said second group have a greater degree of isolation with 
respect to antifuses in said first group than antifuses in said 
third group have with respect to antifuses in said first group, 
the method comprising the steps of: 

(a) selecting a first antifuse from said first group; and 
(b) selecting the next antifuse from said second group and 

not from said third group or from said first group; and 
(c) determining whether said first and nextantifuse can be 
programmed simultaneously without programming any 
antifuse of a second plurality of antifuses of said 
integrated circuit which are not to be programmed. 

8. The method of claim 7, wherein said integrated circuit 
is comprised of a matrix of rows and columns of isolation 
zones, all the antifuses of the first group being disposed in 
a first isolation zone and all the antifuses of the second group 
being disposed in a second isolation Zone, the second 
isolation zone being in a different column and different row 
than said first isolation zone. 

9. The method of claim 8, wherein each respective pair of 
isolation zones in a row of isolation zones of said integrated 
circuit is separated by a respective one of a corresponding 
plurality of programming control circuits. 

10. A method, comprising the steps of: 
reordering a list of antifuses to be programmed by placing 

antifuses of said list which are of a predetermined type 
towards one end of said list; 

performing a sequencer method on said list after reorder 
ing thereby generating an ordered list of said antifuses 
to be programmed; and 

programming said antifuses in said ordered list, wherein 
said sequencer method involves the simultaneous pro 
gramming of multiple antifuses. 
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